Abstract-The susceptibility of single-crystal silicon and SU-8 resonators to proton-radiation induced degradation was investigated. Both materials are in widespread use for microsystems structures, thus the stability of the mechanical properties must be ensured over the full device lifecycle. Effects of spacerelevant proton doses were examined by monitoring minute changes in the Young's modulus and by structural investigations using high-resolution X-ray diffraction (HRXRD). Single crystal silicon resonators were exposed to 10 MeV and 60 MeV protons with doses up to 10 13 cm −2 . Even at the highest doses neither a change of the Young's modulus was observed nor did Xray diffraction indicate the formation of elevated concentrations of structural defects. The compatibility of SU-8 with inorbit radiation environments was investigated at fluences of 10 10 -10 12 cm −2 using protons with energies ranging from 10 MeV to 200 MeV. Its elastic modulus changed by less than 5.5% at the highest doses.
for radiation-sensitive systems this quickly becomes prohibitive in mass and size, outweighing the advantages of miniaturization. For a review on the radiation tolerance of MEMS devices we refer to [1] and references therein. Charge trapping in dielectrics has been identified as a major radiationinduced cause of failure. The accumulation of charges in insulating materials is a common reliability issue for many electrostatically operated MEMS that can also be induced by high electric fields. In both cases counteracting the effects of trapped charge is possible by following basic rules such as minimizing the volume of dielectrics in critical areas and by designing devices whose operation is insensitive to trapped charge [1] . This can significantly improve the reliability [2] but cannot eliminate material-specific limitations such as the degradation of the mechanical and electrical properties of the materials themselves. Appropriate material selection is therefore at the heart of engineering of reliable MEMS and is one of the main factors determining the performance and the failure modes of devices. However, fabrication process constraints and functionality requirements limit the choices. Possible candidate materials need to be evaluated in detail for their ability to perform under harsh environmental conditions.
There is no general threshold for the radiation tolerance of MEMS materials, as the radiation-induced damage will affect different parts of a MEMS device differently. The acceptable dose levels depend on the fabrication processes, the functional role of a material, and the influence it exerts on the performance of the device.
Single crystal silicon is widely used as a structural material in MEMS. It is highly suitable for microsystems due to its versatility in fabrication and the high mechanical and chemical stability it offers. Radiation-induced damage has been investigated extensively in regards of its electrical properties. While being largely immune to ionizing damage, displacement damage has been reported to change minority carrier lifetimes and concentrations in electronic components. For a review on this topic we refer to [3] and references therein. However, in MEMS devices where silicon is used as a structural material, the functionality of the system is much more sensitive to changes in Young's modulus. The elasticity directly influences the vibrational modes of resonant structures which are standard building elements in MEMS devices. Resonances are used, for instance, in sensors for measuring a variety of variables such as the acceleration, pressure, and angular rate, in actuators for driving devices such as micromirrors and in electronic components such as resonator-based ladder filters. The accuracy of these systems is dependent on the stability of the vibrational modes over time (and hence radiation dose).
In single crystal silicon, it has been previously reported that the resonance frequency of micromirrors had changed shortly after proton irradiation of 1 MeV and 4.3 MeV protons at 100 Mrad total ionizing dose (TID) [4] . After 3 weeks the devices had recovered the resonance frequency prior to irradiation. This observation was explained by the introduction of defects which were mobile at room temperature and therefore annealed out after the irradiation. Surface-micromachined polysilicon resonator beams irradiated by gamma-and electron radiation have been investigated in [5] , [6] . A decrease of the resonance frequency and an increase of resistance were observed. The results were attributed to a combination of displacement damage, injection annealing, and thermal spike effects. The effect of fast neutrons on the electromechanical properties of several materials used in microsystems has been studied and reported recently [7] .
An interesting candidate for polymer MEMS is SU-8, which was first developed as a negative photoresist, but it has quickly been recognized as a promising structural material [8] . The large number of crosslinking points in the precursor molecules lead to high chemical and mechanical stability of the cured resin. The curing reaction of the epoxy is initiated by exposure to UV, gamma-rays, or proton radiation which allows the fabrication of very high-aspect ratios and 3D-structures [9] , [10] . Due to its biocompatibility and mechanical elasticity it is a candidate for microfluidics, sensing and actuating applications [11] , [12] . Radiation tolerance in polymer MEMS devices is often very limited and large changes in the elasticity have been reported [13] . The effect of neutron irradiation on the hardness of SU-8 coatings, i.e., the ability of the material to resist plastic deformation, was investigated in [14] . No significant change of hardness was observed in the coating after irradiation. To our knowledge, no studies of the influence of proton radiation on the mechanical properties of SU-8 MEMS devices have been conducted to date.
The extent to which a space system is exposed to radiation can be modeled over the full lifetime of the system, taking into account the trajectory and the radiation shielding. The total ionizing damage dose absorbed by a space system shielded by 4 mm of aluminum is on the order of 1 krad/year in low earth orbits and 10 krad/year in geostationary orbits [15] . The total dose level usually requested in the qualification testing of generic EEE parts is 100 krad [16] . For comparison, the expected ionizing dose of a tracking detector in the LargeHadron-Collider at CERN is 1 Mrad, obtained after 1.5 years of operation, which is much higher than most space doses [17] .
Protons were selected for this irradiation campaign because they are the most abundant ionic species of irradiation in space [18] . Their energy lies principally between 0.1 MeV and 400 MeV. They are more difficult to shield than electrons and heavier ions. SRIM 2008 [19] simulations show that protons of 10 MeV can penetrate 0.6 mm of aluminum. For MEMS material screening they offer the advantage of inflicting both ionization damage and displacement damage [1] , [16] . In Section II the fabrication of the MEMS devices and the experimental setup for the dynamical characterization of the resonators are described. This section also contains the test conditions for the irradiations. Based on the selected proton energies and fluences the resulting absorbed doses were calculated. The results of the structural and dynamical investigations after irradiation are reported in Section III. This section also contains a discussion of the observations, in the context of reported radiation effects in silicon and polymers.
II. Experimental
For the first harmonic mode of a cantilever, the resonance frequency f is given by
where t is the resonator thickness, l is its length, E is the Young's modulus, and ρ is the density. The resonance frequency is very sensitive to changes in the material elasticity as f/f = 1/2 * E/E. By monitoring the radiation-induced change of the resonance frequency the change in Young's modulus was calculated. This method is an elegant way to investigate mechanical properties of materials in structures whose geometry, dimensions, and fabrication processes are relevant and directly applicable to MEMS technology. For the purpose of isolating radiation-induced effects in the materials themselves, the device structures were designed such that no additional materials (dielectric, coils, etc.) were required for operation and characterization.
A. Fabrication of Silicon Cantilevers
Resonators (cantilevers) with lengths of 1.5 mm and 2 mm, width 80 μm, and thickness 50 μm were fabricated on Si(001) silicon-on-insulator (SOI) wafers. The chip substrate formed a frame enclosing an area of 1 cm 2 . The resonators were patterned into the device layer, pointing inward along the (110) crystal direction ( Fig. 2(a) ). Standard lithography and deep reactive ion etching were used to form the resonators.
Subsequently they were released by dry etching of the silicon substrate wafer from the backside followed by a hydrofluoric acid etching step to remove the buried oxide. As schematically depicted in Fig. 1 the chips were placed on PCB substrates for testing. The PCB plates were lined with copper electrodes for electrostatic actuation of the resonators. Table I summarizes the geometries of the resonators used.
Figs. 2(a) and (b) show a single crystal silicon device chip and a silicon chip mounted on the PCB, respectively. In addition to the clamped-free cantilevers paddle-type resonators were also used. This geometry consisted of a rectangular tab suspended by a cantilever arm [as shown in Fig. 2(b) ]. Despite the differences in the geometry always the same component of the elastic modulus tensor was measured because all resonators were only operated in the first out-of-plane mode.
B. Fabrication of SU-8 Resonators
The polymer devices were fabricated using commercial SU-8 (GM1075) obtained from Gersteltec. The fabrication process is schematically shown in Fig. 3 . A sacrificial layer of dextran was deposited on a silicon handling wafer. The devices were formed by spinning of SU-8 precursor onto the handling wafer, soft-baking at 95°C, exposure to UV-light (200 mJ/cm 2 ), and subsequent post-baking at 120°C. This process was repeated twice to first form the device layer with the resonators and then the chip substrate. After this the unexposed SU-8 was dissolved in PGMEA (propylene glycol methyl ether acetate). The chips were released in de-ionized water and glued on a PCB for handling and testing. During the whole test campaign the SU-8 chips were not removed from the PCB support.
Piezoelectric elements obtained from NOLIAC A/S were used to actuate the SU-8 beams. The plate actuators (model CMAP 09) were 10 mm large, 10 mm wide and 2 mm thick. The tested resonators were 100 μm wide and 120 μm thick. Their lengths were 0.8 mm and 1.0 mm for the clamped-free (a) Process started with a silicon wafer that served as a substrate for the fabrication (gray). Next a sacrificial layer of dextran was deposited and the spinning of the first layer of SU-8 took place (in light gray and blue, respectively). (b) After soft-baking the first SU-8 layer was exposed to the UV-light to define the resonators. Then the post-exposure bake (PEB) was made. The exposed region is shown in dark blue. (c) Spinning of the second layer of SU-8 on top of the first layer. (d) Soft-baking and selective exposure to UV-light was made to form the body of the chip. This was followed by the second PEB. (e) Unexposed SU-8 was then developed in PGMEA; the dextran layer was dissolved in DI-water to release the chip. (f) For testing the chips were attached to a PCB by carbon-loaded tape.
resonators and 1.0 mm and 1.5 mm for the clamped-clamped beams [ Table I and Fig. 2(c) ].
C. Resonance Characterization
The dynamical response of the resonators to actuation was determined by laser doppler vibrometry using a Polytec MVS-400 instrument. A detailed description and characterization of the measurement setup has been reported previously [4] . During the resonance measurements the samples were placed inside a vacuum chamber (p < 3.5×10 −3 mbar) and the temperature was kept constant at 45 ± 0.2°C after a bake-out at 80°C
. Constant temperatures throughout all measurements were used to suppress the effect of temperature on the resonance frequency. The bake-out served to minimize the effects of humidity variations over the duration of the test campaign. A frequency resolution of 0.5 Hz was used on the silicon resonators and ≤200 Hz on the SU-8 resonators. This was mainly limited by the width of the resonance curves. The standard deviation of the resonance frequency in un-irradiated resonators was determined by repeated measurements and was below 0.05% for the silicon resonators and 0.5% in the SU-8 resonators. Typical resonance frequencies and quality factors of the resonators are shown in Table I . The quality factor of the SU-8 resonators was comparable to values of SU-8 microresonators reported in the literature [20] . This indicates that the energy dissipation was dominated by the same mechanism as identified there, i.e., internal material damping. The double-clamped cantilevers possessed quality factors similar to the single-clamped resonators, suggesting that they were not under large internal tensile stresses, which would result in string-like oscillation characteristics and higher Q-factors [20] . The absence of buckling caused by excessive compressive internal stresses was confirmed by white-light interferometry (Wyko NT1100).
D. Proton Irradiation Conditions
SRIM 2008 [19] , [21] was utilized to simulate the effect of proton irradiation on the materials and to calculate the absorbed doses. The TID was calculated from the ionizing (electronic) stopping power dE e / dx:
is the particle fluence and ρ is the density. The total displacement dose (TDD) was deduced based on the non-ionizing energy loss (NIEL) using the Kinchin-Pease relationship [22] :
where M = 1 1000
T n is the threshold energy for vacancy formation. In silicon T n is 21 eV [22] . For polymers it is difficult to estimate the exact displacement damage threshold as they contain more than one type of chemical bonds but it typically lies in the range of 10-30 eV [23] . A value of 28 eV was used for SU-8. These calculations served as a basis for the selection of the proton fluences.
The irradiations were carried out in two campaigns at the proton irradiation facility of the Paul-Scherrer Institute (Villigen, CH). Each chip, containing several resonators, was irradiated under different proton radiation conditions. Proton energies of 10 MeV and 60 MeV and fluences between 10 11 cm −2 and 10 13 cm −2 were used for the irradiation of the silicon resonators. The large fluences selected required an adaptation of the dose rate, which was between 10 9 cm −2 s −1 and 10 11 cm −2 s −1 . Four chips were irradiated and 26 resonators were investigated in total. The activity of the samples abated to safe levels 3 months after proton irradiation, after which the post-irradiation measurements were carried out.
The SU-8 resonators were irradiated using protons of 10 MeV, 19 MeV, 30 MeV, 60 MeV, and 200 MeV and fluences between 10 10 cm −2 and 3×10 12 cm −2 . To prevent dose-rate dependent effects it was equal for all samples (10 8 cm −2 s −1 ). The first measurement of the SU-8 resonators was made 2 weeks after irradiation, when the samples were released by the irradiation facility. Three months after the irradiation the dynamical characterization was repeated. Fourteen SU-8 chips were irradiated on which a total number of 45 resonators were tested. The irradiation conditions of the silicon and SU-8 devices are summarized in Tables II and III , respectively.
III. Results and Discussion

A. Single Crystal Silicon
In the irradiated silicon no discoloration was observed. The results of the resonance characterization are summarized in Fig. 4 , which shows the relative change in Young's modulus of the irradiated resonators.
Most of the resonators showed a E/E-value similar to the measurement uncertainty, but in four resonators a larger deviation was measured. Two of these resonators were irradiated at 140 krad and two at 6 Mrad, but none at 1.4 Mrad. In both cases the resonators in question were not direct neighbors in the chip and the beam was much larger than the sample, thus a misalignment of the chip and the proton beam was ruled out as a possible reason for these observations. The deviation in the resonance frequency did not smoothly increase with the dose (notice the log-scale in Fig. 4 ) and the values in question were heavily displaced from the majority of data points. Therefore, these data points were probably rather related to experimental side effects such as airborne dust particles than to radiation-induced change of Young's modulus. The variation of the quality factor tended to increase with the total dose, however, the data were not conclusive on this and clearly further experiments must be made to clarify the effect of radiation on the resonator damping. As the quality factors of the silicon resonators were large, changes of the damping had only a negligible effect on the resonance frequency. These results suggest that the Young's modulus of single-crystal silicon was not significantly altered by proton fluences of up to 10 13 cm −2 which corresponds to a dose of 5900 krad TID for 10 MeV protons.
It can be pointed out that the doses used in this study were about 100 times higher than typical space qualification levels and that possible degradation effects would be expected to be amplified accordingly.
The effect of proton irradiation on the crystal structure was investigated by high-resolution x-ray diffraction (HRXRD). The shape and width of the 004-Bragg peak were analyzed. These properties depend on the quality of the crystal, i.e., the concentration of structural defects such as dislocations, vacancies, and interstitials and on strain gradients. Fig. 5 shows the Si(004) diffraction peak before and after irradiation, both near the vicinity of the Bragg reflection and in a widerange scan (inset). Neither an increasing diffuse scattering, a peak broadening nor the appearance of a peak asymmetry indicating additional crystal defects or strain gradients were observed.
This indicated that the proton irradiation did not introduce significant amounts of stable lattice defects unlike heavier ion irradiations on which we had reported before: In [24] the effect of irradiation on single-crystal silicon resonant structures was investigated in devices irradiated by 5.5 MeV alpha-particles (originating from an 241 Am source) to a total fluence of only approximately 8.7×10
10 cm −2 . The diffuse scattering observed near the Si(224) reflection was attributed to displacement damage. The projected range of 5.5 MeV He + of silicon is 27 μm which is inside the device layer. The high stopping power at the end of the ion trajectory leads to higher defect concentrations and terminal subclusters [3] where larger and more stable defects are formed [34] . However, due to the large stopping power, these He-ions would not reach MEMS inside a spacecraft.
B. SU-8
No discolorations were observed after irradiation of the polymer samples. The changes in resonance frequency after irradiation were in the range of − 2.7% to 2.1% (maximum positive and negative change measured in any of the resonators). This corresponded to a variation of the Young's modulus between -5.4% and 4.2%.
In agreement with observations of the effect of irradiation on polymers reported in the literature [23] , [25] , the effect of radiation on SU-8 could not be simply related to the TID or to the total non-ionizing dose. The left graph in Fig. 6 shows the relative change in elasticity versus the proton fluence. No clear trend with regards to the particle fluence was observed (Left graph of Fig. 6 ). However, the evolution of the resonance frequency was found to be correlated with the proton energy and the electronic stopping power. Fig. 6(right) shows the relative change in elasticity versus the proton energy. The data points with equal proton energy are the samples irradiated at different total proton fluences. At proton energies of 30 MeV and higher a softening of the material was observed (negative E/E). At the lowest proton energies (10 MeV and 19 MeV) the Young's modulus was increased. An exception to this general observation was the sample irradiated at 10 MeV and 10 10 cm −12 , where a softening was observed.
The threshold energy for the crossover from positive to negative E/E was 20-25 MeV which corresponded to a stopping power of approximately 3 eV/nm. Although the quality factors of the SU-8 resonators were lower than in the silicon resonators, the variation of the quality factor did not significantly influence the resonance frequency shifts. 
C. Data From the SU-8 Control Samples
On the proton-irradiated chips the average and standard deviation of the change in E/E between the measurements 2 weeks and 3 months after the irradiation was 0.003 ± 0.006. However, on the control chip this difference was -0.015 (see left graph of Fig. 6 ), which is larger than in any of the irradiated chips. This was caused by one of the three resonators on the control chip which showed large changes of the resonance frequency between the measurements. It is not possible to prove with certainty whether this was a genuine result or if it may have been caused by a dust particle lying on the resonator. However, it can be noted that this effect was transient and that the other resonators on the control chip were not showing such a behavior.
D. Radiation-Induced Degradation in Polymers
We briefly review radiation-induced degradation mechanisms in polymers and then discuss the observations on SU-8.
Changes in the structural properties of polymers are caused by ionization, radical formation, and atomic displacement. All of these processes can lead both to chain scissioning and crosslinking [23] . The chemical structure of the polymers determines the susceptibility to radiation damage and the dominance of specific radiation effects. For instance, aromatic compounds act as energy sinks due to the electronic delocalization. Transfer of energy from excited species to aromatic compounds thus effectively reduces the energy available for chemical damage [26] . The average SU-8 precursor molecule is based on four 'Bisphenol-A'-like subunits, each of which contains two aromatic rings. This may contribute to the good radiation tolerance of SU-8. Energy dissipation in the form of heat increases the mobility of active species and can influence the defect formation and annealing as well as the chemical reactions occurring. A significant heating effect during the irradiation of SU-8 was ruled out by analysis of the SRIM stopping power calculations: Under the (unlikely) assumption that all ionizing energy was transformed into thermal energy and that the full dose was applied instantaneously the change of temperature at the highest fluences was 19 K in SU-8 (80°C in the silicon devices). The degree of damage imparted by electronic and nuclear stopping, respectively, depends on the mass and energy of the impinging particles. Table IV shows the stopping powers of protons in SU-8, as determined from SRIM calculations. The highest vacancy formation rate due to the passing H + -ions and the recoil atoms occurred at 10 MeV and was ∼10 −5 vacancy/nm. Thus, although the nuclear displacement leads to chain disruptions and therefore can contribute to structural modifications, the effect of nuclear damage was very low in the present case and was assumed to be negligible.
Electronic stopping causes the formation of excited and ionized species. The susceptibility of polymers to irradiation has been reported to be dependent on the extent of electronic stopping power dE e / dx, i.e., the amount of energy converted to excitations and ionization per unit path length of the particle trajectory. Such observations are also referred to as 'LET effects' as the total stopping power dE/ dx is closely related to the linear energy transfer (LET). The LET describes the energy loss from the perspective of the particle, whereas the stopping power is a measure of the energy absorbed by the material. LET-dependent radiation effects, in which the observed damage is correlated to the electronic stopping power of the radiation, were investigated in various polymers including aromatic and aliphatic compounds [23] , [25] , [27] , solid alanine [28] , polystyrene, and polysilanes [29] , [30] . However, [31] reported similar effects on the elongation to break in Ultem and Kapton irradiated by 3 MeV protons, 2 MeV electrons, or gamma-rays. Thresholds for the appearance of LET effects were also reported. In PMMA the critical LET value was found to be 15 eV/nm. Below the threshold LET the scissioning efficiency was fairly constant. At higher stopping powers the scissioning efficiency was reduced [23] , [25] , which was related to elevated crosslinking efficiency due to higher ionization densities. LET thresholds were observed to be lower in aromatic polymers than in aliphatic compounds [27] , [32] .
LET effects have been explained by overlapping of ion tracks (inter-track effects) or by interactions between ionization events caused by the same ion (intra-track effects). The onset of track overlapping has been reported to occur at fluences of 10 12 cm −2 to 10 13 cm −2 , depending on the particle LET [28] , [33] , [25] . As we already saw deviations of the Young's modulus at lower fluences, we assume that the observed change in elasticity was related to the concentration of ionizations within single tracks and the following scenario appears to be most realistic: At high energies, i.e., lower stopping powers, the ionizations were isolated events and chainscissioning dominated. Lower energy protons which deposited more energy in their track created higher concentrations of active species and favored crosslinking. The threshold for the dominance of one over the other process was found to be at proton energies of 20-25 MeV, corresponding to a stopping power of approximately 3 eV/nm. This value is comparable to the findings of a previous study of poly(di-nhexylsilane) where a threshold value of 10 eV/nm was reported [30] . Although this scenario qualitatively fits the experimental observations and is in agreement with concepts reported in the literature, several uncertainties remain. For instance, the change in Young's modulus was correlated with the proton energy but at a given energy no clear trend with the proton fluence was found. In addition, the observed effects were small (| E/E| ≤ 5.5%), not much larger than the experimental variance. Therefore more detailed investigations would be required to clarify the fundamental processes by which proton radiation interacts with SU-8.
IV. Conclusion
The susceptibility of the Young's modulus of single crystal silicon and SU-8 MEMS structures to proton radiation damage was systematically investigated. Microfabricated silicon resonators were irradiated with proton beams of energy 10 MeV and 60 MeV and doses up to 10 13 cm −2 . No change in the resonance frequency or Young's modulus was observed. Investigations using high-resolution X-ray diffraction methods did not indicate the presence of elevated levels of structural defects or strain gradients within the material. The results thus suggest that the elasticity of single crystal silicon is highly stable at proton radiation levels comparable to many years in most orbits around the Earth. The Young's modulus of SU-8 was found to vary less than ± 5.5% at proton fluences of up to 3×10 12 cm −2 . A correlation of the sign and degree of change in elasticity with the proton energy was observed. We put forward that this was related to the radiation stopping power and the energy which was deposited in the ion tracks. Further investigations are required to clarify the processes on the molecular level. Nevertheless, the SU-8 resonators remained intact and fully functional, showing that the polymer was highly tolerant to proton irradiation.
The measurement of the dynamical properties of microresonators is a powerful method for the investigation of material properties in structures relevant to microsystems technology. Our work showed that single crystal silicon and SU-8 are tolerant to high doses of proton radiation and are very well suited for MEMS in space applications. The selected geometry, fabrication process, and operation mode add to the relevance and allow for transferability of these results to other types of MEMS devices.
